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The complete knowledge of the nucleon spin structure at leading twist requires 
also addressing the transverse spin distribution of quarks, or transversity, which is 
yet unexplored because of its chiral-odd nature. Elaborating strategies to extract 
it from (spin) asymmetry data represents a unique opportunity to explore more 
' generally the transverse spin structure of the nucleon and the transverse momentum 

l' dynamics of partons inside it. Here, we critically review some of the most promising 

' approaches. 

Ph. 

1. Introduction 

- 1 — i ■ 

. The predictions that the nucleon tensor charge is much larger than its 

Vh^ I hclicity and that the evolution of transversity should be weaker than the 

helicity one, are counterintuitive and they represent a basic test of QCD in 
the nonperturbative domain (for a review, see Refs. ' ). 

The pioneering suggestion of extracting the transversity from the Drell- 
Yan process with transversely polarized protons 3 opened the way to a 
deeper insight of the spin structure of the proton. In fact, if the cross section 
depends explicitly upon the transverse momentum of the lepton pair, inter- 
esting information can be inferred by using unpolarized and single-polarized 
Drell-Yan with antiproton beams. Two leading-twist convolutions of novel 
distribution functions open the door on studies of the orbital motion of 
partons inside hadrons 4 . In Sec. 2, we will simulate the corresponding spin 
asymmetries in order to explore the feasibility of such measurements at the 
future HESR facility at GSI. We will also compare the results with what 
can be expected if the antiproton beam is replaced by a pion beam in the 
kinematic conditions reachable at COMPASS, such that the center-of-mass 
(cm) energy of the reaction is the same. 
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The growing interest in the transversity reflected in a rich experimental 
program at several laboratories. In particular, single-spin asymmetries have 
been measured in SIDIS with transversely polarized targets 5 . A possible 
interpretation in terms of the Collins effect requires the cross section to 
depend explicitly upon the transverse momentum of the detected pion with 
respect to the jet axis. This fact brings in several complications, includ- 
ing the overlap with other competing mechanisms and more complicated 
factorization proofs and evolution equations. 

It seems more convenient to consider more exclusive final states, where, 
e.g., 2 pions are inclusively detected 6 . The chiral-odd partner of transver- 
sity can be represented by the so-called Interference Fragmentation Func- 
tion (IFF) 7 and it can be extracted by looking for asymmetric orien- 
tations of the plane containing the pion pair with respect to the scattering 
plane 8 . In Sec. 3, we will briefly recall the advantages of this strategy and 
present new results in comparison with upcoming data from the HERMES 
collaboration 9 . 



2. Single-polarized Drell-Yan at GSI and COMPASS 

The polarized part of the cross section for the process pp^ — > 
tains at leading twist the terms 4 
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where the annihilating partons with charge e/ carry transverse momenta 
Pi,2 T and longitudinal fractions x±,2 of the proton momentum with mass 
M and transverse polarization S2 T . The functions A(y) and B(y) depend 
only on the leptonic scattering angle via y = (l + cos#)/2. The convolution 
F is defined as 

F [hh] = J dpi T dp2 T 5(Pi T +P2 T -q T ) [/i(zi,Pi T )/i(z2,P2 T ) + 1 <-> 2] . 

(2) 



2.1. The Boer-Mulders effect 

The first term in Eq. (1) involves the transversity hi convoluted with the 
chiral-odd distribution h~± , which describes the influence of the quark trans- 
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verse polarization on its momentum distribution inside an unpolarized par- 
ent hadron. Extraction of the latter is of great importance, because is 
believed to be responsible for the well known violation of the Lam- Tung 
sum rule 10 , an anomalous big azimuthal asymmetry of the corresponding 
unpolarized Drell-Yan cross section that still awaits for a justification. 

This contribution is simulated in a Monte Carlo along the lines described 
in Ref. 11 . The spin asymmetry is produced by dividing the events into two 
groups, one for positive (U) and one for negative (D) values of sin(</> + <ps 2 ) 
for each bin x%, and then constructing the ratio (U — D)/(U + D) for each 
bin X2 after integrating upon X\,6, and q T . Two different test functions 
(ascending and descending) are used to probe the X2 dependence. The 
goal is to explore under which conditions such different behaviours can 
be recognized also in the corresponding asymmetry A T . In fact, in that 
case the measurement of A T would allow for the extraction of unambigous 
information on the analytical form of both h i (x) and hi (x) . 

asymmetry 
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Figure 1. Asymmetry (U — D)/(U + D) from Boer-Mulders effect (see text) as function 
of X2 for the process ppT _> ^+ p- x. Full squares for the descending input test function, 
downward triangles for the ascending one (see text). Continuous lines are drawn to guide 
the eye. Error bars due to statistical errors only, obtained by 20 independent repetitions 
of the simulation. 

In Fig. 1, the asymmetry is shown for the ppl — > fi + n~ X process that 
could be realized at GSI in so-called asymmetric collider mode, i.e. with 
Ep = 15 GeV and E p — 3.3 GeV such that the cm energy squared is 
s w 200 (GeV) 2 . The significant sample is made of 8000 selected events 
and statistical error bars are obtained by repeating 20 times the simulation 
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for each bin x<z- For an hypothetical luminosity of 10 31 cm -2 s -1 , this 
corresponds to a running time of approximately three months (for further 
details see Ref. 11 ). From the figure, we deduce that in the range 0.1 < 
X2 < 0.4 it seems possible to extract information on the x dependence of 
both the transversity and h^. 

This statement can be reinforced if antiprotons are replaced by pions. 
The abundance of such particles allows for realistically increasing the signif- 
icant sample by an order of magnitude. We selected the COMPASS setup 
with a 7T _ beam of energy E v ~ 100 GcV, impinging on a transversely 
polarized NH3 fixed target. The corresponding ir~p^ — > /i + X process 
at s ~ 200 (GeV) 2 can be directly compared with the asymmetric collider 
setup at GSI. Combining the increased statistics with the stronger dilu- 
tion factor, for a sample of 125000 events we can considerably shrink the 
statistical error bars of the asymmetry, as it is evident from Fig. 2. 
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Figure 2. Asymmetry (U — D)/(U + D) (see text) as function of X2 for the process 
7r - pT _> n+n~X, using the same conditions as in the previous figure. The case of 
constant input test function is also included. Continuous lines are drawn to guide the 
eye. Error bars due to statistical errors only, obtained by 10 independent repetitions of 
the simulation. 




2.2. The Sivers effect 

The second term in Eq. (1) has a different azimuthal dependence and it 
involves the standard unpolarized distribution f± and the Sivers function 
fyip, which describes how the distribution of unpolarized quarks is affected 
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by the transverse polarization of the parent proton. A measurement of a 
nonvanishing asymmetry would be a direct evidence of the orbital angular 
momentum of quarks. 

In order to perform the Monte Carlo simulation, we adopted for 
f7^(x,p T ) the parametrization of Ref. 12 , which was determined by fit- 
ting the HERMES data for one-pion inclusive production in DIS regime 5 
assuming that such asymmetry is produced by the Sivers effect only. We 
have further simplified the expression by neglecting the contribution of an- 
tipartons. Similarly to the Boer-Mulders case, the asymmetry is generated 
in the Monte Carlo by dividing the events into two groups, one for positive 
(U) and one for negative (D) values of sin(</> — (f>s 2 ) f° r each bin X2, and then 
constructing the ratio (U — D)/(U + D) for each bin X2 after integrating 
upon xi,6, and q T . 
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Figure 3. Asymmetry (U — D)/(U + D) from Sivers effect (see text) as function of xi 
for the process 7r^pT _ » ^i+^—X. Upper curve is the 7r+ case, lower curve the 7r~ one. 
Continuous lines are drawn to guide the eye. Error bars due to statistical errors only, 
obtained by 10 independent repetitions of the simulation. 



In Fig. 3, the mechanism is considered for the process 7r ± pT _> ^+ ^— x 
in the COMPASS setup, as in Fig. 2. The resulting statistical error bars are 
very small because of the high statistics, and selection of the beam charge 
can even determine the sign and size of the spin asymmetry 
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3. Two-hadron inclusive production at HERMES 

As already anticipated in Sec. 1, looking for more exclusive final states in 
SIDIS can represent a competitive alternative to the Collins mechanism. 
In fact, for hadron pairs collinear with the jet axis the cross section at 
leading twist for two-hadron inclusive SIDIS production has a very sim- 
ple structure: the unpolarizcd contribution and the factorized product of 
h\ and H^, which describes the fragmentation of transversely polarized 
quarks 8 . There is no overlap with other mechanisms; collinear factor- 
ization holds and evolution properties of such objects should be deter- 
mined straightforwardly 13 . The unknown IFF can be extracted from the 
e + e~ — > {h\h-2)j e t\(h\h2)j e tiX process by looking for an azimuthal asym- 
metry in the position of the hadron pair planes with respect to the lab 
frame 14 . 

Since IFF are built on T-odd structures, it is possible to study in de- 
tail the mechanisms involved in the residual interactions of the outgoing 
hadrons by expanding the amplitudes in relative partial waves. If the 
hadrons are two pions, the main partial-wave contributions are the s and 
p waves 15 ' 16 . Residual interactions come from interference of amplitudes 
for different channels with different phases. Each interference component 
(s — p or p — p) can be disentangled by a suitable selection of the integration 
phase space 16 . In particular, the following weighted asymmetry 

d cos 6 d<j> R d<t> s sm((f> R +<f> s )da UT 

.sin(0 H +0 s ) sine _ J 

Sir. 



I d cos 9 d(j) R d<p s du uu 
IMRj J2 f ejh{H<J p 

has been measured at HERMES for the ep^ — ► e'(Tnr)X process, where the 
proton polarization S T forms an azimuthal angle 4> s with the scattering 
plane, and the final pion pair with invariant mass Mh has a relative mo- 
mentum R oriented with the azimuthal angle <j> R . The angle 9 defines the 
direction of the back-to-back emission in the pair cm frame with respect to 
the jet axis. 

In the literature, there are two predictions for the asymmetry of Eq. (3). 
The first one 15 is based on the guess that the asymmetry should depend 
on the properties of the n — tt phase shifts for the considered s and p 
channels. The second one 8 is based on the calculation in the spectator 
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model of the interference diagram where the two pions are emitted directly 
or through the decay of the p resonance. The results have strikingly different 
features, because the first model predicts a marked Mh dependence with a 
sign change around Mh ks m p , which is not observed in the second model. 

Therefore, we have considered a more refined version of the spectator 
model 17 . The amplitude for the p channel contains the coherent sum of 
the resonant decays p, u> — > tt + tt~, and the incoherent sum of the channel 
to — > 7r + 7T~7r , properly integrated upon the third pion tt° . In the s channel, 
the amplitude is the incoherent sum of the K® — > ir + ir~ decay and of 
a background, represented by the direct production of the charged pion 
pair. The diagonal s and p contributions enter Df s and D\ v in Eq. (3), 
respectively, while contains the s — p interference. 

The parameters of the resonances are taken from the Particle Data 
Group 18 , while the free parameters of the model are then fixed by re- 
producing the invariant mass distribution Di(Mh) as it is output by the 
HERMES Monte Carlo program with no corrections for acceptance and 
with proper kinematical cuts in order to remove elastic, single- and double- 
diffractive events 19 . 
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Figure 4. Preliminary HERMES data and results for the single spin asymmetry from 
the interference of 2 pion production channels in relative s and p waves, for the process 
epT — > e'(7T7r)X. 




Once all the free parameters have been fixed to the invariant mass spec- 
trum, we predict the single-spin asymmetry ^ s ™ 6 of Eq. (3). 
We further integrate it upon all variables but Mh , following the experimen- 
tal cuts. The net result is compared in Fig. 4 with available preliminary 
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experimental data 9 ; in particular, no evidence for a sign change of the 
asymmetry is displayed. The uncertainty band is given only by various 
possible choices for the distribution functions f\,h\. All the other ingredi- 
ents of the calculations are fixed and, therefore, we can interpret the result 
as a true prediction. 
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